Crystals with symmetry-protected topological order, such as topological insulators, promise coherent spin and charge transport phenomena even in the presence of disorder at room temperature.
Main
In radiation detectors, signal formation often relies on the so-called Shockley-Ramo theorem, 9, 10 which is distinct to the Landauer-Büttiker formalism typically used to describe mesoscopic charge transport from one electrode to another one. 11, 12 Instead, radiation entering the detector locally creates free charge carriers in an overall insulating detector medium. The injected charges never reach an electrode, but by their local motion, a macroscopic displacement is electrostatically induced between the detector's electrodes. The macroscopic displacement signal is largely independent of the excitation position within the detector volume. 9, 10 However, only those local current components contribute to the macroscopic signal, which align parallel to the so-called weighting field. The latter describes the overall electrostatic potential distribution for a specific detector geometry and electrode configuration.
Recently, Song et al. suggested that also for two-dimensional gapless metals, i.e. a conductive detector medium, 5 a locally excited photocurrent jloc(x,y) induces a macroscopic displacement signal with magnitude I = A∫jloc(x,y)·∇ϕ(x,y) dx dy (1) , with the weighting field ∇ϕ(x,y) derived from the potential distribution ϕ(x,y) within the investigated device, and A considering the resistance of the overall circuitry. The weighting field coincides with the electrostatic field within a multi-terminal device in the absence of a transversal Hall conductivity. 5 While the Shockley-Ramo response is trivial for biased two-terminal devices or for materials with local anisotropies like potential fluctuations, 13 defects, or p-n junctions, 14 we reveal that the scheme also allows detecting local currents which are much more intrinsic in nature. In particular, we determine the local conductance of topological surface states in field effect devices with the help of a focused laser beam. Such a read-out scheme complements more conventional transport experiments which achieve the differentiation between surface and bulk conduction in topological insulators by either suppressing bulk conduction via electrostatic doping and the growth of materials with a reduced bulk conductivity, [15] [16] [17] or by selectively addressing the spin-helical structure of the topological surface states via optoelectronic methods. [18] [19] [20] Figure 1a sketches our Shockley-Ramo detection scheme, which is based on an in-plane symmetry breaking in prototypical Bi2Se3-circuits on a SrTiO3 substrate. 16, 17 The Bi2Se3-film is contacted by two metallic source and drain contacts on the left and right side, but the weighting field ∇ϕ is dominated by a gate potential Vgate > 0, applied to the back side of the SrTiO3 substrate. Then, at the edges of the Bi2Se3-film, the weighting field distribution runs perpendicular to the edge, which breaks the in-plane symmetry of an otherwise isotropic local current jloc(x,y). In particular, when charges are locally added to the electron system, for example by optical excitation (red cone in Fig. 1a) , the weighting field at the edges senses a net current flowing into the sample (gray arrow within the cone). There are simply no states flowing out of the Bi2Se3-film. Assuming this symmetry breaking, and the Fermi-energy to be within the Dirac cone of the topological insulator, one expects to measure the local quantized conductance of the surface state propagating into the sample, i.e. 1‧e 2 /h. Since the materials are gapless, the added charges always end-up at the Fermi-energy. This argument also holds for a local interband photoexcitation after thermalization and relaxation of hot charge carriers. Importantly, the symmetry breaking is not achieved for ungated devices (Fig. 1b) . There, the weighting field lines only extend from source to drain within the Bi2Se3-film.
Consequently, this standard two-terminal geometry detects charges moving parallel to the edge. The corresponding global detector response averages out to zero, because locally there will be two states occupied with opposite directions (two gray arrows in red cone). The anisotropic field distributions as in Fig. 1a can be realized, when we gate thin films of Bi2Se3 and
BiSbTe3 with a macroscopic backgate by the help of the thick, high-k SrTiO3 substrate. Since the lateral footprint of the films is much smaller than the extension of the bottom gate (Fig. 1c) , this particular device geometry does not resemble a parallel plate capacitor. The device is rather reminiscent of a plate-wire configuration featuring a highly anisotropic field distribution of the electric field Esub within the substrate.
Importantly, the dielectric constant abruptly changes by orders of magnitude at the vacuum/SrTiO3 interface, which aligns the field parallel to the interface near the edges of the Bi2Se3-films. A close-up of the field distribution demonstrates a corresponding enhancement of the in-plane field component Ex near the edges of the films (arrows in Fig. 1d ). We note that the simulated peak field strength is in the order of 10 7 Vm -1 at Vgate = 100 V with an assumed dielectric constant of εSrTiO3 = 10 4 at 5 K. 21 This field strength certainly affects the charge carrier motion in the investigated topological films. However, it is orders of magnitude smaller than the fields required to modify the band structure on an atomistic level. Figure 1e shows the out-of-plane field component Ez. As expected for a bottom gate geometry, it extends below the footprint of the Bi2Se3-film with maxima at the edges. Figure 1f depicts an optical image of a π-shaped four-terminal device made from a Bi2Se3-film and the overall electronic circuitry. We locally inject charges at the edge of the Bi2Se3-film using a focused laser at energy Ephoton = 1.5 eV (red cone). Two of the electrodes are contacted to low-impedance contacts to measure the macroscopic current signal I, and they We observe that the edge response is suppressed for this gate setting, as one would naively expect for ntype films (Supplementary Figure 2) . In a previous study, 13 we demonstrated that then, a photothermoelectric current dominates, driven by local fluctuations of the Seebeck coefficient in the surface states. In the present experiment, this effect can slightly be resolved within the noise level ( Fig. 2e -2g) .
The conductance map G(x,y) appears to be random (Fig. 2g) , and the overall conductance histogram is distributed around |G| = 0 (Fig. 2h) , which also explains the background distribution in Fig. 2d . The sign of G(x,y) is determined by the local current direction. For describing the quantized conductance in terms of a Landauer-Büttiker formalism, one would measure I(x,y) with the help of two contacts and utilize the two remaining contacts of the π-shaped four-terminal circuit to probe the corresponding voltage V(x,y). 6 Surprisingly, for all such standard four-terminal wirings, we could never concurrently detect a finite I and V for any position x and y in the circuits to determine G(x,y) (data not shown). Therefore, in our present understanding, we cannot apply the Landauer-Büttiker formalism. Instead, Fig. 3c explains why we cannot measure a signal in a standard four-terminal wiring:
according to the Shockley-Ramo weighting field, there is no position (x,y) in the circuit which connects to all four probes (the same applies to all further wiring possibilities as in Figs. 3a and 3b) . Actually, we exploit this insight in the three-terminal wiring as in Fig. 1f to concurrently resolve I(x,y) and V(x,y) at any given position. The so-far discussed, as-grown Bi2Se3-films are typically n-doped due to defects, and the Fermi-level is situated above the bulk gap for positive gate voltages. 17, 22 For such n-doped samples, hexagonal warping of the surface state dispersion and the effective coexistence of surface states with bulk states open additional scattering channels. [23] [24] [25] In this way, we explain the reduced mean value |G| < 1·e 2 /h, the rather broad ΔG, and the broad background signal as observed in Fig. 2d . Therefore, we also study BiSbTe3-films, where the Fermi-level is in the bulk gap for Vgate = 0 V, albeit not necessarily at the Dirac point (Fig. 4a) . 26 Furthermore, to better differentiate the edge positions from the interior parts of the circuits, we use macroscopic Hall-bar structures as depicted in Fig 4b. Again, also for such devices, the signal generation is clearly localized at the sample edges ( Fig. 4c and Supplementary Fig. 3 ). The corresponding histogram of |G| shows a sharp quantization with mean value |G| = 1.003‧e 2 /h and much reduced width of ΔG = 0.1‧e 2 /h (Fig. 4d) . The quantized conductance appears at Vgate > 0 V at |G| = 1‧e 2 /h (Fig. 4e) , and it gradually decreases to |G| ≈ 0.9‧e 2 /h for an increased n-type gating. Again, we interpret this finding to be a signature of increased scattering or hybridization between bulk and surface states. We note that for Vgate > 50 V, the gate capacitance decreases, especially under illumination, which explains the saturating behavior of the conductance at large gate voltages. To quantify the sharpness of the quantization, we plot ΔG together with the calculated noise limit for each measurement (Fig. 4f) Our experiments suggest that within the Shockley-Ramo detection scheme, a coherent charge and spin transport between the excitation spot and the contact is not a prerequisite for detecting a local quantized conductance. In particular, the lateral spacing of our circuits exceeds by far the surface states' coherence length (~100 nm). 27 Yet, it is crucial to utilize a focused laser spot. In particular, we do not detect a finite conductance signal for a defocused global excitation of the overall circuits (data not shown). In our understanding, the weighting field at the edges acts as a directional momentum filter perpendicular to the edges independent of the microscopic processes during photoexcitation and relaxation of the hot charge carriers. 28 A focused laser spot then reveals this symmetry breaking just at one particular edge and at one certain position, while a defocused laser excites charge carriers at many positions and edges averaging out the macroscopic response. We can further exclude a photogalvanic effect and a spin-Hall photoconductance as the underlying conductance mechanisms, since the measured signal is independent of the polarization of the laser excitation (Supplementary Figure 4) . 18, 19, 29 The quantized conductance is observable up to T ~ 14 K, and we find that in this range, the quantized value is independent of temperature (Supplementary Figure   5 ), which suggests that the microscopic mechanism is different from the recently predicted 'squeezed edge currents' in multi-valley insulators. 30 The optical excitation occurs at a photon energy of ~1.5 eV via interband transitions across the bulk gap involving surface and bulk states. 31 In our point of view, the observed transport at e 2 /h occurs predominantly at the Fermi-level within the laser spot, because the thermalization and the overall relaxation processes of photoexcited charge carriers occur on a sub-picosecond timescale. 32 The local conductance response is governed by the interplay of different length scales, which are the Thomas-Fermi-screening length (few nanometers), the inelastic mean free path (~10-100 nm), the diffusion length of hot charge carriers (several 100s nm), and the already mentioned laser spot size (1-2 µm). In our understanding, the excited surface state population locally increases the chemical potential according to the compressibility of the surface states, and it can persist up to several hundreds of picosecond. 33, 34 Particularly, for the BiSbTe3-films, the Fermi-level is within the surface states, such that the quantized conductance of the surface states dominates.
This transport is then sensed macroscopically through the weighting field ∇ϕ(x,y) at the source and drain contacts of the devices (Fig. 1) . Ultimately, we expect the smallest relevant length scale to be the screening length of the hard-wall potential at the sample edges.
Within the Shockley-Ramo framework, our model can successfully explain the switching behavior of the photoresponse, which is at first sight counterintuitive due to the gapless nature of the surface states.
Furthermore, we can accurately predict the polarity, the long-range character, and the apparent non-locality of the conductance. To gain further insights into the microscopic origins, it will be necessary to disentangle the effects of electric field enhancement at the edges, the Thomas-Fermi screening, the potential fluctuations, and the gating of bottom vs. top surface state. In our point of view, circuits with additional top-gates made from graphene with an hBN spacer may help to differentiate between bottom and top surface as well as to tune the films into a quantized conductance regime also for Vgate < 0. Furthermore, scanning optical near field-measurements at lower photon energies allow for further exploring the underlying optoelectronic processes at the relevant lateral length scales, 35 but this nanoscopic investigation is beyond the current manuscript. Currently, the 'lateral resolution' of the quantized conductance imaging is limited to about 300 nm (Supplementary Figure 6) .
Overall, we demonstrate a novel optoelectronic detection scheme that applies the Shockley-Ramo theorem to electric conductors, which allows us to microscopically probe, yet macroscopically read-out the intrinsic quantized conductance of topological surface states. We anticipate that this read-out scheme provides a generalizable platform for studying local transport phenomena in further non-trivial gapless systems such as graphene, Weyl-semimetals or quantum spin-Hall insulators.
7,8,35
Growth and lithography parameters of Bi2Se3 and BiSbTe3-films. The Bi2Se3 (BiSbTe3) thin films are grown in a home-made molecular beam epitaxy (MBE) system with a base pressure better than 1×10 −10 mbar.
Prior to the growth, the SrTiO3(111) substrates are boiled in deionized water at 85 °C for 50 minutes, then annealed in pure O2 environment at 1050 °C for 2 hours in order to obtain smooth surfaces. During the growth, high purity Bi (99.997%) and Se (99.999%) for Bi2Se3 and Bi (99.999%), Sb (99.999%) and Te 
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